Abstract. Pain and anxiety are the most common neurological responses to many harmful or noxious stimuli and their management clinically is often challenging. Many of the frequently used morphine-based drugs, non-steroid anti-inflammatory drugs and acetaminophen, while efficient for treating pain, lead to patients suffering from several unwanted side effects. Melatonin, produced from the pineal body is a hormone of darkness, is involved in the control of circadian rhythms, and exerts a number of pharmacological effects. Melatonin mediates its actions through MT1/MT2 melatonin receptors on the cell membrane and also through RZR/ROR nuclear orphan receptors. Chronic pain syndromes are often associated with the desynchronization of circadian and biological rhythms, which also cause disturbances in the sleep-wake cycle. Melatonin-mediated analgesic effects seem to involve β-endorphins, GABA receptor, opioid receptors and the nitric oxide-arginine pathway. The effectiveness of melatonin as an analgesic and anxiolytic agent has been demonstrated in various animal models of pain and this led to the use of melatonin clinically in different pathological conditions and also in patients undergoing surgery. Melatonin was found to be effective in many of these cases as an anxiolytic and analgesic agent, indicating its clinical application.
Introduction
The most common response to physically harmful or noxious stimuli is the sensation of pain, which medical practitioners have to manage in their patients and often, its management clinically is challenging. Many available and frequently used drugs based on morphine, non-steroid anti-inflammatory drugs (NSAIDs) and acetaminophen are efficient for treating pain, albeit they exhibit unwanted side effects (1, 2) . Thus, morphine-based drugs, besides leading to addiction and dependence, also cause constipation, confusion, sleep disturbances and respiratory depression (3) . Gastrointestinal (GI) damage in the form of ulcers and inflammation of stomach and duodenum is clinically evident with the use of NSAIDs (4) . Chronic pain is often non-responsive to conventional medical interventions and induces anxiety and fear, which further aggravate the pain. It is well accepted that pain and anxiety positively interact with each other (5) . Earlier studies on pain focused on identification of the components of peripheral pain mediators such as proteins/receptors (nociceptors) and the gate control mechanisms of pain transmission at the spinal cord (6) . On the other hand, anxiety-related issues have been addressed predominantly from a psychological perspective (7) . Recent advances in imaging technologies were useful in improving our understanding of the brain network(s) that may mediate pain-anxiety interaction. However, many molecular players that are involved in pain-anxiety regulation and their interactions under physiological and pathological conditions are yet to be identified. These studies may unravel better approaches to address the patients' pain and to prevent anxiety. Considering the many side effects of existing drugs, it is important to identify alternative analgesics without the unwanted side effects and to better understand the normal physiological and natural defence mechanisms against pain, which may be harnessed to clinically control pain (8) .
Chronic pain syndromes are often associated with desynchronization of circadian and biological rhythms. Circadian rhythms are known to be involved in many physio logical processes including the sleep-wake cycle, secretion of hormones, body temperature regulation and gastro-intestinal tract function (9, 10) . Disturbances in the regulation of the circadian rhythm can lead to several pathological conditions, which themselves are shown to de-regulate circadian rhythms. Central control of biological rhythms is orchestrated by the suprachiasmatic nuclei (SCN) of the hypothalamus and certain SCN areas receive photo-signals directly via an optic nerve from the retina (11) . Epiphysis or the pineal gland in the diencephalon area is above the superior colliculus of the midbrain and functions as an endocrine gland, synthesizing and secreting melatonin (N-acetyl-5-methoxytryptamine), an important neurohormone. Almost 80% of melatonin is secreted by epiphysis and other tissues such as GI tract, lungs, and renal cortex, while eye retina secrete the remaining melatonin (12, 13) . Melatonin is considered hormone of darkness as its secretion is highest from the pineal gland during dark periods of the night and it is also referred as 'the chemical code of darkness' (14) . Melatonin has been suggested to play an important role in the regulation of pain under normal physiological conditions since both pain perception as well as melatonin secretion are circadian in nature (15) . In addition, melatonin has been shown to influence pain perception (16).
Biochemistry and physiology of melatonin
Melatonin biosynthesis begins with the conversion of tryptophan to serotonin, which is acetylated by arylalkylamine-N-acetyltransferase to form N-acetyl-serotonin, followed by methylation at the 5-hydroxyl group to form N-acetyl-5-methoxytryptamine or melatonin, by Hydroxyindol-O-methyltransferase, also known as N-acetylserotonin-O-methyltransferase (17) (Fig. 1) . Following its synthesis, melatonin is released into cerebrospinal fluid and circulation and the circulating melatonin has a half-life of 20-30 min, with most of its metabolism occuring in liver via cytochrome P450-mediated oxygenation (16) . Melatonin biosynthesis and secretion are low during daytime and high during night-time and this pattern of the circadian rhythm is regulated by neural circuits composed of neural fibers originating from retina and passing via retino-hypothalamic tract to the SCN of the hypothalamus (18) . SCN is composed of special ganglion cells containing a photo-pigment, known as melanopsin (19) . During night-time, the release of norepinephrine from the postganglionic sympathetic fibers of SCN supplying to the pineal gland is elevated due to reduced electrical signal activity in SCN. Norepinephrine activates the β-adrenergic receptors present on the pinealocytes leading to the activation of adenylyl cyclase-cyclic AMP system and melatonin biosynthesis. During daytime, norepinephrine release from the postganglionic sympathetic nerve fibers is suppressed because of elevated electrical signals in the SCN, thereby lowering activation of melatonin synthesis and release in pinealocytes (20) .
Many of the physiological effects of melatonin are exerted via its interaction and activation of specific receptors present on the cell membrane surface as well as the nucleus. Melatonin has at least two receptors, MT1 and MT2, belonging to the G-protein receptor family, on cell membranes, and a third MT3 receptor, which is a quinine reductase (16) . Melatonin also activates nuclear receptors of melatonin belonging to the RZR/ROR orphan receptor type and include three subtypes (α, β, γ) and four splicing variants of the α-subtype melatonin receptor (21) . Most of the pharmacological effects of melatonin are also thought to be mediated through activation of these receptors. Besides membrane and nuclear receptors, melatonin also interacts with some cytosolic proteins and enzymes, and exerts antioxidant and other effects (22) . In many tissues, MT1 receptor activation seems to mediate melatonin action through the stimulation of G proteins Giα2, Giα3, Gαq, with inhibitory effects on the cAMP signaling pathways (23) . By contrast, MT2 receptors, are coupled to phosphoinositide signal transduction pathways and the inhibition of adenylyl cyclase and guanylyl cyclase pathways (24) (Fig. 2 ).
Melatonin and pain
The precise mechanisms underlying the analgesic effects of melatonin are not known although several possibilities have been suggested, which include the involvement of β-endorphins, GABA receptor, opioid l-receptors and the nitric oxide (NO)-arginine pathway (25) . Melatonin increases the release of β-endorphin from pituitary gland, and it has been observed that naloxone, which blocks β-endorphin binding to opioid receptors, may antagonize the melatonin-induced nociceptive effects (26, 27) . Melatonin may also mediate its analgesic activity by interacting with opioidergic, benzodiazepinergic, muscarinic, nicotinic, serotonergic, and α1 and α2-adrenergic receptors located in the central nervous system and also in the dorsal horn of the spinal cord (12) . Furthermore, inasmuch as melatonin-induced long-term analgesia may be antagonized by naloxone, opioid receptors are likely involved in melatonin action (28) . In several conditions of chronic pain such as fibromyalgia (FM), inflammatory bowel syndrome and migraine, melatonin has been found to be effective in reducing pain (29) (30) (31) . Although it has been suggested that melatonin may have analgesic and anxiolytic effects in the perioperative period, its effectiveness has been controversial (32) . In several experimental animal models of pain, melatonin has been shown to be efficacious. Thus, in models of electrically induced pain, intraperitoneal (i.p.) injection of melatonin was able to increase the anti-nociceptive effect up to 210 min (33) . Similarly, in a rodent model of thermally induced pain measured as tail-flick, melatonin (≤120 mg/kg, i.p.) produced a significant analgesic response (34) . In a hot-plate model of pain induction in mice, it was observed that melatonin exerted maximal analgesic effect, when administered to the mice in the evening and that these effects of melatonin could be blocked by an opiate antagonist naloxone or central benzodiazepine antagonist flurmazenil, indicating an interplay of these receptor pathways in melatonin action (35) . In a paw-withdrawal test of a neuropathic pain model, administration of melatonin dose dependently exerted analgesic effects lasting for a period of 1 h (36). In a model of mechanically induced pain via tail clamping, 2-bromomelatonin was found to induce dose-dependent analgesic effect (37) . Chemically induced pain, which resembles acute pain in humans, was also reduced by melatonin (38) . Melatonin was found to reduce inflammatory pain, probably by blocking the production of NO by inducible NO synthase and the signaling pathways of NO-cyclic GMP (33, 39) . In all these different animal models of pain, administration of melatonin had no adverse effects. There are also limitations with regard to the ability of melatonin to act as an anti-nociceptive agent. Thus, in a mouse model of neuropathic pain, where the mice underwent a tight ligation of sciatic nerve, melatonin was able to reduce paw-withdrawal latencies, which is a measure of thermal hyperanalgesia, but had no significant effect on withdrawal thresholds, a measure of mechanical allodynia (36).
Pharmacological use of melatonin in humans
Strong chronobiotic and hypnotic properties and the ability to correct sleep-wake rhythm disturbances, make melatonin as a drug choice for decreasing sleep latency. It has been observed that when administered at the right time and dose, melatonin was able to effectively correct the circadian rhythms in children with sleep disorders and because of this, melatonin is commonly used in children of all ages with sleep-related issues (40) (41) (42) (43) . There are no clinical guidelines for proper prescription of melatonin in children suffering with different neurological disorders, albeit many pediatricians currently prescribe melatonin to their patients, considering this as a naturally occurring sleeping aid (44) . Timing of melatonin administration is critical in achieving expected results of treatment, because of its biological rhythm-based secretion and effects. It is important to administer melatonin earlier than the dim-light melatonin onset for optimal treatment effects, as administration 2-3 h after this onset has no effects (45).
Melatonin and migraine
Considering that there is strong relationship between sleep and headache, the ability of melatonin to regulate sleep disorders may also be useful in improving headache pathophysiology (46) . It has been reported that properly timed melatonin treatment with appropriate dosing, decreased headaches in 78.6% of 328 patients suffering with circadian rhythm sleep disorders and headache, while adverse effects (slight headache) were observed in 13.8% of 676 patients with only circadian rhythm sleep disorders without headache (47) . Melatonin at a dose of 3 mg twice daily, given to children with primary headache, was able to reduce the number, intensity and duration of headache attacks (48) . It has been suggested that melatonin may be considered an effective prophylactic medication for use in children with migraine. Migraine, which is characterized by severe headache, neurologic dysfunction, sleep disturbances and pain-free intervals is commonly seen in women aged 10-40 years. In an open-labeled clinical trial with 34 patients suffering from migraine, prophylactic use of melatonin at 3 mg, given 30 min before bedtime, was found to reduce headache intensity as well as frequency and duration, with significant clinical improvement by 1 month (49) . In another recent study, agomelatine, a melatonin agonist was found to be efficacious in the treatment of migraine patients in decreasing migraine attack frequency and duration (13).
Melatonin and fibromyalgia
FM is characterized by tenderness, altered sleep pattern and a number of painful trigger points. Although imbalanced melatonin secretion has been thought to contribute to the pathophysiology FM, there is no clear consensus on this as experimental findings on melatonin levels in FM patients were not consistent (29, 50, 51) . In an open-label, randomized-clinical trial that included 21 female patients, oral therapy of melatonin at doses of 3 mg/day, 30 min before sleeping time, for 1 month led to significant improvement, not only in sleep quality, but also in much less painful trigger points as compared to the situation prior to treatment. Results of that study also suggested that melatonin treatment has the potential to improve pain, fatigue and symptoms of depression (52) . In another double-blind and placebo-controlled study in 101 FM patients it was observed that melatonin treatment alone had significant effects in improving pain, fatigue, rest/sleep, stiffness, comparable to a serotonin reuptake blocker, fluoxetine (53) . Combination therapy with melatonin and fluoxetine showed much better reduction in the anxiety score and fatigue in these patients and also greatly decreased depression. A more recent randomized clinical study that included 63 female patients with FM tested the efficacy of 6-week treatment with melatonin versus melatonin plus amitriptyline, another serotonin reuptake inhibitor and the results showed that a combined therapy of amitriptyline and melatonin, and melatonin as a monotherapy were more efficient than amitriptyline monotherapy in improving pain, morning stiffness, and sleep disorders (54) . Thus, combined melatonin plus a selective serotonin reuptake inhibitor treatment requires further large-scale clinical evaluation in FM patients.
Irritable bowel syndrome and melatonin
Irritable bowel syndrome that affects the GI tract is a painful condition characterized by abdominal pain, flatulence, constipation and diarrhea in association with sleep disturbances. GI tract is known to create and release an almost 400-fold higher amount of melatonin than the pineal gland, but without circadian rhythms as is the case in the pineal body. Although the precise physiological function of melatonin from GI tract is not clear, food intake affects melatonin synthesis and release (55) . Considering that irritable bowel syndrome affects 11-20% of the adult population (56) , the possibility that GI tract melatonin may have some physiological roles in the control of this pain exists. Melatonin was found to reduce abdominal pain, aid defecation in patients with irritable bowel syndrome (57) , and to exert positive effects on extracolonic symptoms via sedative/anxiolytic and/or direct effects on the GI tract itself (58) . Involvement of the central nervous system in the action of melatonin in relieving pain in irritable bowel syndrome is a strong possibility, which needs further verification (57) . In two separate randomized placebo-controlled clinical trials, women with irritable bowel syndrome were treated with melatonin for 4-6 weeks and in both the trials, it was observed that melatonin was able to improve the symptoms and lower the associated pain (31,56).
Melatonin in the control of peri-operative outcomes
Anxiety and pain during surgical manipulation procedures are common and this is generally controlled by systemic analgesia and sedation. The common practice of using benzodiazepine preoperatively leads to a number of side effects. Inasmuch as melatonin does not have any adverse effects, and as it has anxiolytic and pain-controlling effects, it has been suggested that melatonin has beneficial effects on the peri-operative outcomes. It was concluded that while melatonin premedication can be effective in ameliorating preoperative anxiety in adults, its ability to control pain remains controversial in the perioperative period (32) . Peri-operative anxiety is known to aggravate postoperative pain. A recent systematic meta-analysis study that included 24 studies with a total of 1,794 patients, suggested that melatonin reduced the preoperative anxiety score and postoperative pain score, as compared with placebo, although the authors cautioned that there was a great degree of heterogeneity among the data (59) . In a double-blind placebo controlled study, pre-operative treatment of patients with melatonin significantly decreased pain and anxiety during the first 36 h after surgery (60) . In another study on patients undergoing elective hand surgery, premedication with melatonin was able to reduce the level of anxiety and enhanced intraoperative and postoperative analgesia (61) . Similar postoperative analgesic results were obtained with the use of melatonin following cataract surgery under topical anesthesia (62).
Conclusions
Melatonin is a hormone produced from tryptophan in the pineal body and is involved in the regulation of circadian and biological rhythms and the associated physiological responses such as sleep, anxiety and pain. Anti-nociceptive and antiallodynic effects of melatonin are demonstrated, not only in various animal models of pain perception, but also in patients under different pathological and surgical intervention conditions. Melatonin appears to act via its MT1/MT2 receptors at the dorsal horn levels of the spinal cord and interacts with other receptors including opioid, substance P and NMDA.
Furthermore, melatonin actions may be antagonized by antagonists of opioid and benzodiazepine receptors. Clinical studies indicated that a combination of serotonin reuptake blockers and melatonin is more efficacious in pain and anxiety control. However, the exact mechanism remains to be examined in future studies.
